[1] The Himalayan range is commonly presented as largely laterally uniform from west to east. However, geological structures, topography, precipitation rate, convergence rates, and low-temperature thermochronological ages all vary significantly along strike. Here, we focus on the interpretation of thermochronological data sets in terms of along-strike variations in geometry and kinematics of the main crustal detachment underlying the Himalaya: the Main Himalayan Thrust (MHT). We report new apatite fission track (AFT) ages collected along north-south transects in western and eastern central Nepal (at the latitudes of the Annapurna and Langtang massifs, respectively). AFT ages are consistently young (<3 Ma) along both N-S transects in the high-relief zone of the Higher Himalaya and increase (4 to 6 Ma) toward the south in the Lesser Himalaya. We compare our new data to published low-temperature thermochronological data sets for Nepal and the Bhutan Himalaya. We use the full data set to perform both forward and inverse thermal kinematic modeling with a modified version of the Pecube code in order to constrain potential along-strike variations in the kinematics of the Himalayan range. Our results show that lateral variations in the geometry of the MHT (in particular the presence or absence of a major crustal-scale ramp) strongly control the kinematics and exhumation history of the orogen.
Introduction
[2] The high elevation of active convergent mountain belts is driven by a balance between tectonic processes that build topography and erosional processes that lower it. The system is dynamic, with feedbacks that would tend to drive orogenic systems toward steady state [Adams, 1980; Jamieson and Beaumont, 1988; Willett and Brandon, 2002] . Because of its rapid convergence and exhumation rates, the Himalayan orogen provides an excellent natural laboratory to study evolving orogenic systems and mountain building processes. Numerous balanced geological cross sections have been constructed to infer the geological structure of the Himalaya and to develop scenarios for its kinematic development [e.g., Schelling and Arita, 1991; Srivastava and Mitra, 1994; DeCelles et al., 2001; Pearson and DeCelles, 2005; Robinson et al., 2006; McQuarrie et al., 2008] and its deep structure is known through several geophysical experiments [e.g., Hirn and Sapin, 1984; Zhao et al., 1993; SchultePelkum et al., 2005; Nabelek et al., 2009] . During the last twenty years, thermochronological data sets have been published that constrain exhumation rates and pathways along several transects across the range [e.g., Copeland et al., 1991; Catlos et al., 2001; Bollinger et al., 2004; Thiede et al., 2004; Vannay et al., 2004; Grujic et al., 2006; Blythe et al., 2007] .
[3] The structure of the Himalayan orogen ( Figure 1 ) is classically considered as showing little lateral variation from west to east. The orogen is built by a north dipping, southward propagating, crustal-scale thrust sequence [Gansser, 1964; Le Fort, 1975; Hodges, 2000] (cf. Yin [2006] for a recent review). However, several authors have invoked potential out-of-sequence reactivation of the more internal part of the belt [Brunel and Andrieux, 1980; Harrison et al., 1998; Hodges et al., 2004; Wobus et al., 2005] , possibly climatically controlled through rapid and focused recent erosion [Thiede et al., 2004; Hodges et al., 2004] .
[4] In contrast to the popular two-dimensional cross section view of the Himalaya, topography and relief [Duncan et al., 2003; Bookhagen and Burbank, 2006] , precipitation rates and patterns [Bookhagen et al., 2005; Bookhagen and Burbank, 2006; Grujic et al., 2006] , orogen structure [Yin, 2006] , and convergence rates [Larson et al., 1999; Paul et al., 2001] all vary significantly from west to east, showing that the Himalayan range is not laterally uniform when studied in a minimum of detail. Whether climatic parameters, tectonic forcing or preexisting structures control these lateral variations remains a difficult question to answer, due to the coupled nature of these potential forcing parameters. Topography drives variations in climate and erosion rates [Montgomery and Brandon, 2002; Roe, 2005] , and tectonics drive topography. Erosion rate depends on relief, elevation, lithology and rainfall [e.g., Summerfield and Hulton, 1994; Hovius, 1998; Burbank, 2002] and influences topography and tectonics [Willett, 1999; Stolar et al., 2007] . A better understanding of the lateral spatial variations in kinematics and exhumation rates is thus required to resolve the fundamental controls on topography and erosion in the Himalaya, and may also provide more general insight into the coupling mechanisms Pearson and DeCelles, 2005] , and the Bhutan Himalaya (cross section C) [modified from McQuarrie et al., 2008] . Color scheme in cross sections is same as in map.
between crustal-scale geometry, orogen kinematics, climate and erosion.
[5] To address these issues, we employ both forward and inverse numerical modeling, using a newly developed thermokinematic model to explain observed patterns of low-temperature thermochronological ages (mainly apatite fission track; AFT) along three transects across western central Nepal, eastern central Nepal and Bhutan. The upper crustal thermal structure is strongly affected by orogen kinematics, fault geometry and surface processes that shape the landscape and control the wavelength of topography [e.g., Ehlers, 2005; Braun et al., 2006; Reiners and Brandon, 2006] ; which are thus recorded by the time-temperature-depth history of exhumed rocks. In optimal conditions, low-temperature thermochronometry (using multiple thermochronometers or systems that record the integrated temperature history such as fission track lengths or noble gas age spectra) constrains the temperature field and rock exhumation paths through its record of the time-temperature history. However, in a highly complex and dynamic system such as the Himalayan orogen, characterized by spatial and temporal variability in rock advection rates, nonvertical particle paths controlled by the geometry of major faults, and a strong influence of topography on the upper crustal thermal structure, numerical models are essential to extract meaningful information from thermochronologic data [Braun et al., 2006] .
[6] In the following, we first review the geologic structure, kinematics, topography and climate of the central and eastern Himalaya, including a discussion of recent controversies about the thrust sequence and lateral variations in structure. We then present the AFT data, combining our own data with published data sets, and the numerical model that forms the basis for this study. We use synthetic data to test the resolution of our model, and show inverse model results that constrain the crustal geometry and kinematics along the three studied transects.
[7] For the transect in central Nepal, where the recent kinematics of the belt have been strongly disputed in recent years [Avouac, 2003; Bollinger et al., 2004; Hodges et al., 2004; Bollinger et al., 2006; Wobus et al., 2006] , we demonstrate that existing low-temperature thermochronology data do not have sufficient resolution to discriminate between different kinematic models for the Quaternary evolution of the belt. They do, however, rule out initiation of out-of-sequence thrusting before the Quaternary and highlight particular kinematic and thermal conditions implied by this model. They also constrain the geometry of the crustalscale detachment underlying the orogen; the Main Himalayan Thrust [Hirn and Sapin, 1984; Zhao et al., 1993; Makovsky et al., 1996; Schulte-Pelkum et al., 2005] . Results from the other two transects highlight important along-strike variations in this geometry, which are shown to exert a first-order control on exhumation rates. From this synthesis of exhumation patterns in the Himalayan orogen, we propose a geometric and kinematic model for its recent evolution.
Tectonic and Morphologic Setting

Geological Structure of the Himalaya
[8] The Himalayan orogen is characterized by a series of north dipping crustal-scale faults that delimit four distinct tectonic units [Le Fort, 1975; Hodges, 2000; Yin and Harrison, 2000] , which can be followed along its 2500 km length ( Figure 1a) . The northernmost Tethyan Himalayan zone consists of Cambrian to Eocene sedimentary to low-grade metamorphic rocks. It is separated from the structurally underlying higher (or greater) Himalaya by the dominantly extensional South Tibetan Detachment System (STDS) [Burchfiel et al., 1992] . The Higher Himalaya crystalline thrust sheet consists of high-grade metamorphic rocks, with abundant evidence for partial melting, and overthrusts the Lesser Himalaya along the Main Central Thrust (MCT). Precise dating of the activity of the STDS and MCT has shown that they were active simultaneously during the Early Miocene (around 22-18 Ma) [Burchfiel et al., 1992; Hodges et al., 1996] , giving rise to the "channel flow" model of extrusion of partially molten Higher Himalayan middle crust from under the overthickened Tibetan Plateau [Nelson et al., 1996; Beaumont et al., 2001; Hodges et al., 2001; Grujic et al., 2002] .
[9] The Lesser Himalaya forms a complex structural duplex with several major internal thrusts [Schelling and Arita, 1991; DeCelles et al., 2001] . In Nepal, these indicate a forward propagating sequence that initiated after cessation of activity on the MCT. Thrusts in the internal Lesser Himalaya of western Nepal were active between ∼12 and 15 Ma [DeCelles et al., 2001; Robinson et al., 2006] and the Lesser Himalayan duplex was built since ∼12-10 Ma [DeCelles et al., 2001; Huyghe et al., 2001; Robinson et al., 2006] . The Lesser Himalaya varies strongly in width along strike, due to the presence or absence of a lid of Higher Himalayan rocks that have overthrusted the Lesser Himalaya up to 150 km southward of the general trace of the MCT (Figure 1 ). The Higher Himalayan rocks form a series of prominent klippen in Nepal [Schelling and Arita, 1991; Upreti and Le Fort, 1999; DeCelles et al., 2001] . In the eastern Himalaya, Lesser Himalayan tectonic structures are similar, but the unit has been reduced to a narrow width and has been strongly deformed in the Bhutan Himalaya [Gansser, 1983; Bhargava, 1995; Grujic et al., 2002; McQuarrie et al., 2008] .
[10] The Lesser Himalaya overthrusts the sub-Himalaya or Siwalik thrust belt, composed of Miocene-Pliocene syntectonic clastic deposits, along the Main Boundary Thrust (MBT). In the western and central Himalaya, the MBT was active from 11 Ma to ∼5 Ma [Meigs et al., 1995; DeCelles et al., 2001] . The Siwaliks form a wide and structurally complex zone in the western Himalaya [e.g., Powers et al., 1998; Mugnier et al., 1999] , but are composed of a single discontinuous thrust sheet of narrow width in Bhutan [Gansser, 1983; Lakshminarayana and Singh, 1995] . The Siwaliks overthrust the Ganges plain along the currently active Main Frontal Thrust (MFT) [Lavé and Avouac, 2001] .
[11] Geophysical and structural studies suggest that all the major thrusts in the Himalaya, including the MFT, MBT and MCT, branch at depth from a single major midcrustal décollement, the Main Himalayan Thrust (MHT) [Hirn and Sapin, 1984; Zhao et al., 1993; Makovsky et al., 1996; Avouac, 2003; Schulte-Pelkum et al., 2005 , Nabelek et al., 2009 (Figure 1c ). In Nepal, where it is best studied, geophysical and structural data show that the MHT is characterized by a ramp-and-flat geometry with two major ramps. The frontal ramp is shallow and corresponds to the position of the emerging MFT, with a dip angle around 30°at the surface. The other ramp is believed to occur at midcrustal depth beneath the sharp topographic front of the high range [Avouac, 2003] . Geophysical data from central Nepal [Lemonnier et al., 1999; Pandey et al., 1999; Nabelek et al., 2009 ] suggest a dip angle of ∼10°to 15°for the midcrustal ramp; mechanical modeling based on the present-day displacement field measured by GPS surveys [Berger et al., 2004] suggests a somewhat higher dip of ∼30°.
[12] From a detailed analysis of GPS data, Berger et al. [2004] have proposed that the MHT is segmented and the crustal ramp more pronounced in central Nepal than in western Nepal, in accord with balanced structural cross sections based on surface geology [DeCelles et al., 2001; Mugnier et al., 2004] . Similarly, drainage patterns [van der Beek et al., 2002] and present-day displacement rates [Larson et al., 1999] suggest that the southern, shallow flat segment is steeper in western Nepal than in central Nepal. In Bhutan, the deep fault structure is poorly known because of a lack of geophysical studies. Hauck et al.
[1998] present a crustal transect from deep reflection seismic profiling of the Himalayan orogen at ∼90°E. Combined with published geological cross sections, they suggest a major lateral change in geometry to occur along the "Yadong cross structure" [Burchfiel et al., 1992] , which underlies a major left-lateral offset in the main Himalayan structures and topography roughly along the Sikkim-Bhutan border. To the west of this structure, the MHT shows a crustal ramp underlying the MCT zone, similar to central Nepal, whereas to the east, the MHT appears to dip more shallowly and contains a crustal ramp much further to the north, underneath the Tethyan Himalayan zone.
Topographic and Climatic Variability
[13] The topography of the Himalaya varies strongly along strike [Duncan et al., 2003; Bookhagen and Burbank, 2006] . Figure 2 presents a digital elevation model (DEM) and elevation profiles through Nepal and Bhutan perpendicular to the major structures, constructed from Shuttle Radar Topography Mission (SRTM) data. In both Nepal and Bhutan, the distance from the deformation front (MFT), with elevations near sea level, to the range crest, with elevations >7000 m, is 130-150 km. Topographic profiles in central Nepal are strongly concave; the mean topography in the Lesser Himalaya rises to only 2000 m at ∼100 km north of the MFT, before rising to close to 7000 m in the next 30-50 km. There thus exists a sharp physiographic transition 10 to 30 km south of the MCT in central Nepal [Seeber and Gornitz, 1983; Lavé and Avouac, 2001; Duncan et al., 2003; Wobus et al., 2003] , which is situated above the deep crustal ramp of the MHT. This physiographic transition has been interpreted in different ways, related to the kinematic models proposed for the central Himalaya [Lavé and Avouac, 2001; Avouac, 2003; Wobus et al., 2003 Wobus et al., , 2005 Bollinger et al., 2004; Hodges et al., 2004] (see discussion in section 2.3).
[14] As previously shown by Duncan et al. [2003] and Bookhagen and Burbank [2006] , the morphology is very different in the eastern (Bhutan) Himalaya, where the topography shows an almost straight to slightly convex taper. Consequently, the topography rises more steeply from the deformation front and the 2000 m elevation contour is reached within 50 km from the front, whereas the rise to the high peaks is much more gradual than in Nepal.
[15] Bookhagen and Burbank [2006] combine their topographic analysis with satellite precipitation data (TRMM) to show two distinct precipitation maxima along strike in the Himalaya. An outer, continuous band occurs along the southern edge of the Lesser Himalaya, where elevations reach ∼1000 m. A second band occurs where the physiographic transition from the Lesser to the Higher Himalaya exists and is thus discontinuous along strike, disappearing to the east. Previous studies have revealed two more general Himalayan precipitation gradients: a strong orographic gradient across the belt, with precipitation decreasing from over 3000 mm y −1 (and locally up to 10,000 mm y −1 ) on the southern flank to <200 mm y −1 on the Tibetan Plateau [Roe, 2005; Anders et al., 2006] , as well as an overall east-west decrease in precipitation [Bookhagen et al., 2005] , due to the fact that the major moisture source for monsoon precipitation, the Bay of Bengal, lies to the southeast of the Himalayan belt.
Kinematics of the Himalaya
[16] GPS measurements [Bilham et al., 1997; Larson et al., 1999; Jouanne et al., 2004] constrain present-day convergence rates across the central Himalaya to 18 ± 3 mm y −1 . They show a west-to-east increase in convergence rate, consistent with the location of the India-Eurasia rotation pole to the west of the collision zone [Larson et al., 1999; Paul et al., 2001] . The present-day rates are similar to Holocene shortening rates across the MFT in Nepal of 14-21 km My −1 , from folded and uplifted river terraces [Lavé and Avouac, 2000; Mugnier et al., 2004] , as well as to Quaternary shortening rate across the Siwaliks (∼19 km My −1 ) and Miocene-Pliocene shortening rates across the Lesser Himalaya (19-22 km My −1 ) [DeCelles et al., 2001] . The similarity of rates on different timescales suggests that the Himalayan orogen has absorbed part of the India-Eurasia convergence and propagated toward the Indian continent at constant rates since mid-Miocene times (15-20 Ma) .
[17] In a reference frame attached to the MHT, this convergence is partitioned into underthrusting of the Indian plate and overthrusting of the Himalayan orogen (compare X. Robert et al., Kinematic models of the central Himalaya: A critical evaluation, submitted to Earth Science Reviews, 2011, for a more detailed discussion). Several authors [Bollinger et al., 2006; Brewer and Burbank, 2006; Whipp et al., 2007] have shown that available thermochronological data for central Nepal limit overthrusting velocities to 5-6 km My −1 since ∼10 Ma, implying underthrusting of India (or underplating and forward propagation of the Himalayan thrust wedge) at a rate of ∼15 km My −1 since that time.
[18] Recently, two competing models have been proposed to describe the present-day kinematics of the central Nepal Himalaya and explain the sharp physiographic transition. These differ principally in their predictions of which surface-breaking faults accommodate current shortening and what kinematics drive rapid exhumation in the topographic transition zone around the MCT. Avouac [2003] and Bollinger et al. [2004 Bollinger et al. [ , 2006 argue that recent deformation is concentrated along the MHT, generating major (M > 8) earthquakes on this thrust, and that rapid exhumation in the MCT zone results from combined underplating and overthrusting along the MHT ramp. In contrast, Wobus et al.
[2003] and Hodges et al. [2004] suggest active Quaternary out-of-sequence thrusting in the MCT zone, possibly driven by strongly localized climatically controlled exhumation in this area. A jump in detrital thermochronologic and cosmogenic radionuclide ages across the topographic transition in central Nepal has been argued to support the latter model [Wobus et al., 2003 [Wobus et al., , 2005 [Wobus et al., , 2006 .
Thermochronology Data
Existing Data Sets and Sampling Strategy
[19] We use new apatite fission track (AFT) and existing AFT and mica Ar-Ar ages, together with numerical modeling to constrain the geometry and kinematics of major faults along three north-south transects through the central and eastern Himalaya. A major obstacle to obtaining thermochronologic data sets across the entire Himalayan orogen lies in the unfavorable lithologies of the Lesser Himalaya, which consist mainly of fine-grained pelitic rocks with low degrees of metamorphism. We have chosen three areas where it is either possible to obtain AFT data or where extensive lowtemperature thermochronologic data already exist. These are, from west to east (Figure 2a ): the Annapurna region in west central Nepal, the Langtang-Kathmandu region in east central Nepal, and the Bhutan Himalaya.
[20] We have collected samples for AFT thermochronometry along two transects across the range. In a previous study, we presented data from the MCT zone along the Trisuli River (Langtang Himal) across the Kathmandu klippe to the MBT at Hetauda in east central Nepal [Robert et al., 2009] . Here, we complete these with a transect collected in west central Nepal, from the MCT zone along the Kali Gandaki valley (Annapurna massif) to the MBT at Buthwal. We concentrated our sampling on the Lesser Himalaya since the vast majority of existing data was collected in the Higher Himalaya. Our sampling strategy aimed at obtaining transects from the MBT northward to and across the MCT zone, as well as local age-elevation profiles sampled orthogonally to the tectonic transport direction in order to limit complications due to nonvertical particle paths [e.g., Huntington et al., 2007] . We targeted quartzites of the Kushma, Kuncha and Nourpul formations (Proterozoic Nawakot Group) [Upreti, 1999] [21] Twenty-seven AFT ages from the Langtang-Hetauda transect, including two age-elevation profiles at Mount Gosainkund in the MCT zone (Langtang Himal) and through the Palung granite, were reported by Robert et al. [2009] . We sampled and processed sixteen additional samples along the Annapurna-Buthwal transect, including an age-elevation profile at Ghorepani Hill (Lesser Himalaya in the topographic transition zone just south of the Annapurna massif). However, twelve of these samples, mostly from the Lesser Himalaya, could not be dated. The majority of undatable samples are white quartzites from the Nawakot Group, which either do not contain sufficient apatite, or apatite that is so poor in Uranium that no spontaneous or induced fission tracks were recorded. For completeness, all dated samples are reported in Table 1 ; information on all collected samples is provided in the auxiliary material (Table S1 ).
1
[22] We complete our database for the AnnapurnaButhwal transect with extensive AFT data from the Marsyandi valley ∼50 km to the east [Burbank et al., 2003; Blythe et al., 2007] . This database contains 82 AFT ages and several age-elevation profiles, which were, however, exclusively sampled in Higher Himalayan crystalline rocks. For the Langtang-Hetauda transect, we complete our AFT data with mica Ar-Ar data from Arita et al. [1997] , Rai [1998] , and Bollinger et al. [2004] (cf. compilation by Herman et al. [2010] ) as well as 10 AFT ages recently reported by Herman et al. [2010] . Finally, we include an extensive AFT data set from Bhutan comprising 45 AFT ages, again all from the Higher Himalayan crystalline series, in our analysis. The different northsouth transects through the Himalayan range are compared by projecting each transect on a profile normal to the MFT (Figure 3 ). a N, number of individual grains dated; r s , spontaneous track density; N s , spontaneous track counted; r i , induced track density in external detector (muscovite); N i , number of induced track counted; r d , induced track density in external detector attached to dosimeter glass; N d , number of tracks counted in determining r d ; P(c 2 ), chi-square probability; D, age dispersion. All reported ages are central ages [Galbraith and Laslett, 1993] ±1 standard deviation. Note that zero-track grains were abundant and included in the age determinations. Sample preparation followed standard methods [cf. van der Beek et al., 2006] . All ages were determined by XR using a zeta calibration factor of 350 ± 7 for glass standard NBS962. Ages in normal font were previously reported by Robert et al. [2009] ; those in bold are new. For details on sample location, lithology, etc., see Table S1 .
1 Auxiliary materials are available in the HTML. doi:10.1029/ 2010JB007893.
AFT Age Patterns
[23] The most continuous age trend has been obtained for the Langtang-Hetauda transect. AFT ages plotted as a function of distance to the MFT show a continuous trend, in which ages young nearly linearly from the MBT to the MCT (Figure 3) . The northernmost samples, from the MCT zone in Langtang, are very young (<3 Ma), indicating strong local exhumation. This trend crosses the topographic transition and the MCT zone without a significant jump in ages. Robert et al. [2009] discussed the interpretation of the data from this transect, including two age-elevation profiles, in detail. An age-elevation profile from the Palung granite (Kathmandu klippe in the Lesser Himalaya) shows an exhumation rate of 0.5 ± 0.1 km My −1 . In contrast, an ageelevation profile from the MCT zone (Gosainkund Mountain) suggests an apparent exhumation rate an order of magnitude higher, at 4.4 −1.5 +4.8 km My −1 , comparable with strike-parallel age-elevation relationships observed in the Marsyandi area . However, at such high rates of exhumation, topographic disturbance of the closure isotherm may lead to severe overestimates of exhumation rates from ageelevation relationships [Stüwe et al., 1994; Mancktelow and Grasemann, 1997; Braun, 2002; Ehlers, 2005] ; we estimate real exhumation rates for the Gosainkund profile to be on the order of 2.0-2.5 km My −1 [Robert et al., 2009] . These exhumation rates are consistent with overthrusting at a rate of 5-6 km My −1 over a ∼20°dipping crustal ramp in the MCT zone and a ∼5°dipping flat for the Palung granite. Herman et al. [2010] recently reached a similar conclusion, based on modeling the existing thermobarometric, Ar-Ar, and AFT data along the same transect. Thus, the data from the Langtang transect do not appear to require active out-ofsequence thrusting in the MCT zone or the topographic transition and are compatible with the ramp flat geometry of the MHT as constrained by independent geophysical and geodetic data as described in section 2.1. We will assess this assertion using numerical modeling in section 4.2.
[24] The age pattern for the Annapurna-Buthwal transect is less well constrained than that for the Langtang transect because of a lack of data in the Lesser Himalaya, in spite of our efforts to sample this region. Hodges et al. [2004] suggested that an observed jump in AFT ages across the MCT zone requires out-of-sequence reactivation at this latitude. However, a comparison of AFT ages projected along a line perpendicular to the MFT shows a similar trend for both transects (Figure 3) : ages from the MCT zone are similar (but slightly younger in the Annapurnas compared to Langtang). In the Lesser Himalaya, only two AFT ages were obtained south of the topographic transition, but these are similar to ages from similar structural positions in the Langtang-Hetauda transect. The rate of increase in ages toward the south in the Lesser Himalaya is also similar in both transects (0.1 to 0.2 My km -1 ). They thus appear, to a first order, compatible with a similar geometry and kinematics of the MHT as for the Langtang transect.
[25] A projection of Grujic et al.'s [2006] AFT data from Bhutan does not show a very regular trend, even if we use separate projections for the data from western and eastern Bhutan. As noted by Grujic et al. [2006] , AFT ages are generally older than in central Nepal. Moreover, the pattern appears to be opposite to that observed for Nepal (Figure 3 AFT ages increase from south to north in Bhutan, whereas they decrease in Nepal. This first-order observation suggests that rocks exposed at the orogenic front in Bhutan are exhumed more rapidly than those in the region of highest topography. No AFT age inflexion is observed in this profile. The AFT age pattern observed in Bhutan appears to imply that (1) there is no reactivation of the MCT, (2) the MHT does not comprise a crustal ramp below the region of highest topography, and (3) the overall dip of the MHT is lower than in Nepal. The Bhutan Himalaya has served as the type area where geological evidence for the "channel flow" model has been collected [Grujic et al., 2002] . Currently active channel flow in the Bhutan Himalaya should be marked by very young AFT ages in the MCT zone and in the Higher Himalaya and appears excluded by the data. The data do, however, allow channel flow operating before 12-10 Ma, as proposed by Hollister and Grujic [2006] .
Thermokinematic Model
Forward Model Description
[26] In order to assess the above qualitative interpretations of the AFT age patterns more quantitatively, we develop both forward and inverse numerical models. We employ a modified version of Pecube [Braun, 2003] , a finite element code that predicts thermochronological ages by solving the three-dimensional (3-D) heat transport equation in a crustal block affected by vertical and/or horizontal advection and characterized by evolving surface topography. New features in the code include the incorporation of faults and associated kinematics (Figure 4) . Faults define different crustal blocks (yellow arrows).
and act as barriers to advection: no matter is advected through the fault surfaces. Faults are defined in the model by their surface trace and a number of points that define their (laterally constant) profile. The velocity field is calculated using a kink band model originally developed by Braun et al. [1994] and honors the conservation of mass (see auxiliary material for more details). As in other thermokinematic models for the Himalaya [Bollinger et al., 2006; Brewer and Burbank, 2006; Wobus et al., 2006; Whipp et al., 2007] (compare Robert et al., submitted manuscript, 2011 , for a review), we use a reference frame fixed to the MHT. If other faults are present, we must take in account the advection of the position (and potentially the geometry) of one fault with respect to the other: the faults are advected and deformed along with the block they occur in due to motion on the MHT.
[27] In order to capture topographic effects on thermochronological age variability, we couple the essentially 2D kinematic model to a planform surface topography, derived from SRTM 90 m digital elevation models of the zones of interest (downgraded to the model resolution of 1 km). Models are run for 10 My, as we concentrate on predicting the AFT age pattern and all AFT ages are <10 Ma. We start from a steady state thermal structure for the kinematics defined at 10 Ma and then predict the transient thermal structure through the model run. Particle paths are tracked through time for rocks that end up at the surface at the end of the model run; the resultant time-temperature paths are used to predict AFT ages using the fission track annealing model of Green et al. [1989] with the modified annealing parameters of Stephenson et al. [2006] .
[28] We assume the topography to be in steady state in the models presented here. In consequence, we are not able to test the role of changes in relief through time. There are two main reasons for this approach. First, Valla et al. [2010] have shown that AFT data alone are not very sensitive to relief changes; even in fairly simple tectonic and topographic settings they must be combined with lower-temperature thermochronometers to constrain these. Second, Galy et al. [2010] have recently shown, using multiple isotopic data from the Bengal Fan, that the erosion patterns, drainage systems and mean elevation of the Himalaya and southern Tibetan plateau have remained relatively stable for the last 12 My, despite major climatic changes during this time span.
[29] The initial model geometry is based on the inferred structure of the MHT in central Nepal [Cattin and Avouac, 2000; Avouac, 2003; Pearson and DeCelles, 2005] , i.e., a flat ramp flat geometry with the midcrustal ramp located below the topographic transition between the Lesser and the High Himalaya (Figure 4) . The crustal ramp is situated by the slope break in the interpreted receiver function cross section of central Nepal [Nabelek et al., 2009] (Figure 4b ) and the area of maximum microseismicity (Figure 4a and Pandey et al. [1999] ). The MHT is active throughout the model run. Due to the proximity of the MBT and the MFT, we consider these as a single fault in order to simplify the models. Previous thermokinematic models for the central Nepal Himalaya have shown that, for a reference frame fixed to the MHT, observed thermochronological ages require overthrusting velocities of 5-6 km My , respectively, although we present model runs with different partitioning in order to study its effect on predicted age patterns. The geometry of the MHT is allowed to vary between different models (see below) and, for the central Nepal models, we include a separate fault that breaks to the surface at the front of the topographic transition in order to simulate out-of-sequence thrusting (Figure 4) .
[30] Note that, because no material is allowed to cross the MHT in our models, and both the MHT and the topography are fixed, we do not include underplating of Indian plate material as modeled by Bollinger et al. [2006] and Herman et al. [2010] . Bollinger et al. [2006] propose an underplating model with the development of a duplex at midcrustal depth to explain the well-known inverse metamorphic gradient below the MCT. The main difference between models including underplating and simple overthrusting models is that the former allow steepening of particle paths (and therefore younging of thermochronological ages) above the underplating window without requiring a ramp in the crustal-scale detachment. However, inclusion of underplating mainly affects higher-temperature thermochronometers such as mica 40 Ar/ 39 Ar; low-temperature thermochronometers such as AFT, for which the closure depth lies well above the crustal ramp (or underplating window) record fairly similar kinematics for both models. Therefore, a simple overthrusting model as developed here explains low-temperature (AFT) thermochronology data just as well as the more elaborate models [Brewer and Burbank, 2006; Whipp et al., 2007] .
Forward Model Results
[31] Figure 5 shows forward model geometries and predicted AFT ages for a simple overthrusting model, as well as models including out-of-sequence thrusting at different velocities, applied to the Langtang transect. In these models, overthrusting takes place along the MHT for the first 8 My of the model run and is subsequently partitioned between the MHT and the out-of-sequence thrust for the last 2 My, in order to simulate Quaternary reactivation of the MCT zone (as suggested by Hodges et al. [2004] ). As expected, AFT ages in the Lesser Himalaya become older with increasing activity of the out-of-sequence thrust and consequent decrease of velocity on the MHT; for V TF ≥ 4 km My −1 , AFT ages in the southern part of the Lesser Himalaya are unreset since 10 Ma. However, except for these extreme models, where nearly all overthrusting is taken up on the out-of-sequence thrust, the models do not predict a clear age jump at the topographic transition zone. This is because outof-sequence thrusting has not been going on for long enough in these models to influence the AFT ages in the Lesser Himalaya, which are mostly around 5 Ma. Surprisingly, models including the most rapid overthrusting also predict older ages within the hanging wall of the out-ofsequence thrust. This is because the hanging wall of the outof-sequence thrust is much thinner in the MCT zone than the hanging wall of the MHT, so that the thermal perturbation associated with overthrusting is much smaller, and the near-surface thermal gradient consequently lower, when a significant part of the overthrusting velocity is taken up by the out-of-sequence thrust (compare Figures 5a and 5b) . None of these forward models fit the observed AFT age pattern particularly well, however, probably because the model geometry and thermal parameters can be improved.
Inverse Models
[32] The thermochronologic age predictions depend on the fault geometry and kinematics as well as the thermal structure of the modeled crustal block. In order to explore this complex multidimensional parameter space, we couple Pecube with the Neighborhood Algorithm (NA) inversion routine [Sambridge, 1999a [Sambridge, , 1999b , using the approach developed by Braun and Robert [2005] and Valla et al. [2010] . The NA inversion scheme can be used both to seek an optimum set of parameters to explain the data and to evaluate the sensitivity of model predictions to the values of the input parameters. NA performs an intelligent search to find the set of parameter values of a given model that will minimize the difference between model predictions and measured ages.
[33] In the following, we will present seven sets of inversions that aim to constrain the geometry of the crustal detachment, the kinematics of deformation and the thermal structure of the crust. In an initial inversion, we allowed the basal temperature (T 0 ) and normalized heat production (Q) to vary; however, this led the model to converge on a geologically unrealistic set of parameters (see below). Subsequent inversions therefore fix the thermal parameters to reasonable values. The MHT geometry is modified by allowing variations in the x and y positions (i.e., the distance from the MFT and the depth) of both the top and the base of the midcrustal ramp within the bounds set by the geophysical data [Pandey et al., 1999; Nabelek et al., 2009] (Figure 4) . Finally, in models including an out-of-sequence thrust, we allow partitioning of the overthrusting velocity ). (c) Comparison of observed and predicted AFT age patterns for the Langtang transect as a function of out-of-sequence thrusting velocity (V TF ); the overthrusting velocity on the MHT is equal to (6 -V TF ) km My −1 in these models.
(V o ) between motion on the out-of-sequence thrust (V TF ) and the MHT (V o -V TF ) (Figures 4 and 5) .
[34] We use a misfit function that is defined by the L 2 norm of the weighted difference between the observation vector, O, and the prediction vector, P:
where DO i are the observational errors, taken here as the 1s errors on the AFT ages. This search necessitates a large number of model runs to sample a large combination of parameter values. Using a high-performance cluster, we were able to perform several thousand forward model runs in a reasonable amount of time. In order to extract the sensitivity of the model to the different parameters, we use the NA-Bayes approach [Sambridge, 1999b] , which produces probability density functions (pdf) for each parameter over the entire parameter space, by using Bayesian integrals and the misfit results.
[35] In order to test the ability of the inversion method to recover the input model values, we performed two sets of synthetic inversions using as input the AFT results of two end-member synthetic models, one in which overthrusting takes place solely on the MHT, including a 20°dipping midcrustal ramp; the other in which 50% of the overthrusting velocity is taken up by out-of-sequence motion on the MCT (Figures 6 and 7) . Forward models predict AFT ages at the locations of our data for the Langtang transect; we subsequently invert these synthetic data in order to assess the capacity of the approach to retrieve the "true" input parameters. Results from these synthetic inversions do not converge to unique solutions for most parameters, and the lowest misfit (the "best" model) does not necessarily correspond to the mode of the parameter pdf (the "most Figure 6 . (a and b) Scatter diagrams showing results of NA inversions using a Monte Carlo method for two sets of synthetic inversions using the results from two synthetic models as input (each inversion was performed with 2550 forward model runs). One-dimensional posterior pdfs obtained by the NA appraisal stage are shown adjacent to the axes for each parameter. Two-dimensional posterior pdfs also obtained by the NA appraisal stage are shown with contour lines overlying the scatter diagrams, where the gray scale corresponds to the probability density, and the red, blue, green, and black contours correspond to the 95%, 75%, 60%, and 40% confidence intervals, respectively. The input parameter values are shown on the 1-D pdfs with a red line and on the scatterplots/2-D pdfs with a white circle. The red star corresponds to the lowest misfit found.
probable" model). However, in both synthetic inversions, the geometrical parameters are relatively well reproduced with <5 to 28% difference between input parameter values and retrieved best fit values. The out-of-sequence velocity parameter is not so well constrained: for the model including out-of-sequence thrusting, neither the "most probable" nor the "best" models reproduce the true input value (70 to 95% difference; Figure 6a) , whereas for the model without outof-sequence thrusting, the pdf fits well with the true value (1% difference; Figure 6b ). We conclude that our inversions constrain geometrical parameters relatively well, but that the kinematic predictions (in particular the presence or absence of a component of out-of-sequence thrusting) are less reliable.
Inverse Model Results
Geometry of the MHT and Importance of Out-of-Sequence Thrusting
[36] In order to search for the best fitting combination of thermal, geometric and kinematic parameters, we ran an initial inversion in which we allowed the basal temperature to vary between 500 and 1500°C and the "normalized heat production" between 1 and 5 (corresponding to minimum and maximum depth-averaged heat production rates of 0.25 and 3.80 mW m −3 , respectively). The "normalized heat production" is a nondimensional parameter that scales the crustal heat production to the model thickness, the thermal diffusivity and the basal temperature [cf. Batt and Braun, 1997] . We search for the optimum partitioning between frontal and out-of-sequence thrusting by letting V TF vary between 0 and 5 km My −1 and we allow the MHT geometry to vary between the limits imposed by the geophysical data, as described above. We ran 100 generations of 100 models each for this inversion, giving a total of 10,100 models (including an initial "seed" of 100 models). The model is fit to the set of AFT ages shown in Figure 5 , as well as 45 mica Ar-Ar ages reported by Arita et al. [1997] , Rai [1998] , and Bollinger et al. [2004] . However, since the spatial distribution of the latter is not optimal, they do not constrain the models much more than the AFT data alone.
[37] The results of this initial inversion are presented in Figure 8 and the parameter combination for the best fit (Figure 6 ) of the synthetic AFT ages and geometry to the predicted AFT ages and geometry with the best models (best NA misfit is model with the lowest misfit; NA-Bayes is mode of parameter pdf's from NA-Bayes output). Black crosses show the 2s error on the most probable parameter values given by NA-Bayes. model is reported in Table 2 (model LT1). This initial inversion leads to optimal solutions in which a significant amount of overthrusting is taken up by the out-of-sequence thrust since 2 Ma (V TF = 4.2 km My −1 for the best fit model) with a weakly expressed midcrustal ramp (ramp dip of 9°v ersus a shallow detachment dip of 6°). However, optimal solutions also lead to an unrealistically "hot" crust, with a best fit basal temperature of 1100°C at 65 km depth and a stable (in the absence of heat advection) near-surface geothermal gradient of 63°C km −1 . Although there is a clear tradeoff between basal temperature and heat production in these models, all optimal solutions are characterized by unrealistically high surface geothermal gradients.
[38] We therefore proceeded to run a set of less general inversions, in which we fixed the thermal parameters at T 0 = 850°C and Q = 1.5 (corresponding to a depth-averaged heat production rate of 0.65 mW m −3 ), in order to predict a reasonable stable near-surface geothermal gradient of 35°C km −1 . We ran a smaller number of models for these inversions (i.e., 50 initial models and then 50 generations of 50 models each, for a total of 2550 models) because they appear to converge to an optimal solution relatively rapidly. The geometric and kinematic parameters were allowed to vary as before. The results for this inversion (LT2; reported in Table 2 ) are opposite to the initial ones in that optimal models have practically no out-of-sequence thrusting (V TF = Figure 8 . Initial inversion results for the Langtang transect. Results are shown as two-dimensional sections through the parameter space, in which each model (parameter combination) is represented by a dot colored according to the misfit between predicted and observed data. Star shows location of best fit model reported in Table 2 ; TF velocity is the velocity of the out-of-sequence thrust, Q is the normalized heat production, basal T is the basal temperature, and x point i/y point i is the position of the points i which define the geometry of the MHT (see upper sketch for definition of these points).
km My
−1 for the best fit model). Optimal models issued from the NA inversion fit the data better than those of the first inversion (minimum misfit value of 157 versus 320). Table 2 shows that the modes of the 1D and 2D pdfs for the geometrical parameters are close to the NA inversion results (<11% difference except for the depth of point 4, for which the difference is 80%) and that the range of the acceptable value for those parameters is relatively well defined (less than 15% range). However, the result for the out-ofsequence velocity is less constrained: it only shows that V TF is lower than 1.6 km My −1 (with 95% confidence).
[39] In a third inversion (LT3), we explore the influence of changing the partitioning between overthrusting and underthrusting on the MHT by running an inversion where the total overthrusting velocity is fixed at 8 km My −1 (with a corresponding underthrusting velocity of 13 km My −1 ). All other parameters (both fixed and free) are similar to the previous models. Somewhat surprisingly, this model again favors solutions with significant to near total out-ofsequence thrusting (V TF = 7.8 km My −1 for the best fit model) and a purely linear MHT, with both flat and ramp dips of 11° (Table 2 ). This result is consistent with that obtained by Herman et al. [2010] , who showed that out-ofsequence models require a higher overall overthrusting velocity to fit the data than models including a crustal ramp. A possible explanation for this puzzling behavior is that the higher overthrusting (and thus exhumation) rates need to be offset by a smaller thermal perturbation in the MCT zone, as predicted by the out-of-sequence model (see above). Another possibility is that the AFT data simply lack the resolution to record reactivation of the MCT zone in the last 2 My.
[40] A final inversion run (LT4) was designed to test the latter assertion, as well as the possible effect of the timing of onset of out-of-sequence thrusting. This timing is not very well constrained by the proponents of recent reactivation in the MCT zone. For instance, although Hodges et al. [2004] speak of "Quaternary" faulting, they also relate it to possible increased precipitation and denudation since mid-Pliocene (i.e., 3-4 Ma) times. We thus ran a final inversion in which the onset of possible out-of-sequence thrusting is pushed back to 4 Ma, while maintaining a total overthrusting velocity of 8 km My −1 . This final inversion leads again to completely opposite results, namely a total absence of outof-sequence thrusting (V TF = 0 for the best fit model) and a ramp dip of 19°, very close to that inferred from inversion LT2 ( Table 2 ). The predicted dip of the shallow detachment is very low (1°) in this model, in contrast, in order to accommodate the relatively low exhumation rates recorded by the AFT data in the Lesser Himalaya with the higher overthrusting velocity.
[41] We conclude from the above inversion results that the AFT data in the Langtang transect lack the resolution to formally rule out recent (i.e., Quaternary) reactivation of an out-of-sequence thrust below the topographic transition zone, but seem to exclude an earlier onset of out-ofsequence thrusting. Moreover, such a model requires either unrealistically high crustal temperatures or high total overthrusting velocities. Finally, significant out-of-sequence thrusting is incompatible with the presence of a midcrustal ramp in the MHT, although such a ramp is inferred from a wealth of structural, geophysical and geodetic data (cf. section 2.1.). In contrast, the data do constrain the geometry of the MHT very well, and best fit models without significant out-of-sequence thrusting (in particular the results of inversion LT2) predict a flat ramp geometry that is in good quantitative agreement with available geophysical and geodetic data. In the next set of model runs, we will thus use this model as a template and study what lateral variations in MHT geometry are required by the data from the transects to the west and east of the Langtang transect. . Scatter diagrams showing results of NA inversions using a Monte Carlo method for inversions of (a) Langtang LT2 and (b) Annapurnas AN1 models (2550 forward model runs in each inversion). Onedimensional posterior pdfs obtained by the NA appraisal stage are shown adjacent to the axes for each parameter. Two-dimensional posterior pdfs also obtained by the NA appraisal stage are shown with contour lines overlying the scatter diagrams, where the gray scale correspond to the probability density and the red, blue, green, and black contours correspond to the 95%, 75%, 60%, and 40% confidence intervals, respectively. The red star corresponds to the lowest misfit found. In the middle, AFT ages are also compared to predicted AFT ages for the best fit models and fault geometry is shown for both methods (best NA misfit is model with the lowest misfit; NA-Bayes is mode of parameter values from NA-Bayes output). Black crosses show the 2s error on the most probable value of the parameters given by NA-Bayes.
Lateral Variations in MHT Geometry
[42] We ran two model inversions for the AnnapurnaButhwal transect (west central Nepal). Inversion AN1 searches exactly the same parameter space as LT2 and leads to similar best fit kinematics without out-of-sequence thrusting (V TF = 0 for the best fit model; Figure 9b for Monte Carlo inversions with NA appraisal stage; Table 2 ), although interestingly a second minimum appears for high out-of-sequence thrusting velocities of ∼5 km My −1 . The predicted MHT ramp dip is higher, however (34°instead of 20°), as required by the ages reported by Blythe et al. [2007] from the Marsyandi valley, which are somewhat younger (with a majority of AFT ages < 1 Ma) than our data from Langtang. Posterior pdfs indicate that the MHT geometry is less well constrained for the Annapurna transect than for the Langtang transect, probably because of the scarcity of data in the Lesser Himalaya for this transect. Several values of geometrical parameters can match the data as shown by bimodal parameter pdfs (Figure 9b ), but all predict a ramp dip between 20°and 35°. Since the ramp and flat dips are coupled through the location of the top of the ramp (point 4 defining the geometry of the MHT), this also implies a very low dip (<1°) of the southern detachment.
[43] In a second inversion (AN2), we simplified the kinematics by removing the potential out-of-sequence thrust, but again allowed the thermal structure to vary within the same bounds as for model LT1, in order to test whether the young ages in the Annapurna region can also be explained by a higher geothermal gradient. The optimal model from this inversion indeed shows a ramp dip that is closer to that inferred for the Langtang transect (21°) and a consequently somewhat higher (2°) detachment dip. However, this inversion favors a thermal structure that is even more extreme than that of LT1, with a best fit basal temperature of 1300°C and a stable near-surface geothermal gradient of 70°C km −1 . Derry et al. [2009] show that local hydrothermal gradients near hot springs located along the MCT in central Nepal reach 75°C km −1 , but these are strongly influenced by fluid advection and do not represent the overall geothermal gradient in the range. We expect the regional geothermal gradient to be closer to 30-35°C km −1 and therefore favor the result of AN1.
[44] Both inversions predict a MHT geometry for the Annapurna transect that is grossly similar to that of Langtang. Best fits impose the presence of a ramp below the MCT and physiographic transition. This ramp appears to be a bit steeper in west central Nepal than in east central Nepal.
[45] We use a similar inversion scheme to analyze the data from Bhutan (inversion BU1), with the final depth of the MHT at the northern boundary of the model as an additional free parameter (Figure 10 ). We choose to provide the inversion with this additional degree of freedom because there is no data to constrain the depth and geometry of the MHT in the Bhutan Himalaya. These models are fairly computationally intensive due to their size; we thus have to reduce the number of iterations. However, the NA inversion converges very rapidly to a solution. The BU1 inversion has the same set of parameters as AN2; since there is no indication in the AFT data of a possible out-of-sequence activation in Bhutan, we do not consider that possibility in the inversion. As expected from the very different pattern of AFT ages in Bhutan as compared to Nepal, the inversion results are completely different. In terms of thermal parameters, the inversion favors a relatively cool basal boundary condition (T 0 = 716°C) but a relatively high crustal heat production (Q = 3.9, corresponding to a depth-averaged heat production rate of 1.4 mW m −3 ), leading to a stable nearsurface geothermal gradient of 52°C km −1 . The contrast is strongest for the MHT geometry, as the optimal models favor a practically linear MHT, with a constant detachment dip of 5-7°from below the mountain front to the north edge of the model, where the MHT reaches ∼42 km depth. Inversions with a lower imposed geothermal gradient (35°C km −1 ) give similar results for the geometry of the MHT.
[46] These inversions thus clearly corroborate our initial qualitative interpretation of the different AFT age patterns: only subtle differences exist in the MHT geometry between western and eastern central Nepal, but a major difference exists between Nepal and Bhutan. In particular, the midcrustal ramp disappears toward the east and the MHT becomes a planar detachment dipping 5-7°to the north.
Discussion
[47] Inversion results for the Langtang transect that aimed at testing the importance of recent out-of-sequence thrusting in the MCT zone are somewhat inconclusive. Sets of parameters can be found that allow both kinematic models to predict the data. However, we show that active out-ofsequence thrusting at the physiographic transition must have initiated recently (i.e., during the Quaternary) and requires either unrealistically high geothermal gradients or relatively rapid total overthrusting rates. The latter finding is consistent with inversion results presented by Herman et al. [2010] , who used a similar approach. Moreover, significant out-of-sequence thrusting seems incompatible with the existence of a midcrustal ramp in the MHT. In contrast, models without Quaternary out-of-sequence thrusting require such a crustal ramp with a ∼20°dip below this area. This latter geometry seems more compatible with the available reflection seismic profiles [Hirn and Sapin, 1984; Zhao et al., 1993; Makovsky et al., 1996; Schulte-Pelkum et al., 2005; Nabelek et al., 2009] , as well as with seismicity data [Pandey et al., 1999] and geoelectric soundings [Lemonnier et al., 1999] . If out-of-sequence thrusting is active only during Quaternary times, the available AFT data from the Lesser Himalaya (where the greatest difference is predicted to occur; cf. Figure 5) do not have sufficient resolution to either corroborate or contradict it, because most AFT ages are ∼5 Ma. As argued before, the younger AFT ages from the MCT zone cannot constrain the problem because the kinematic differences between the two models are subtle in the hanging wall of the proposed out-of-sequence thrust [e.g., Whipp et al., 2007] (see Figure 5) . Thus, the only possibility we envisage to obtain a clear answer to this question would be to obtain data recording the temperature history below the AFT closure temperature for the Lesser Himalaya, i.e., apatite fission track length distributions and/ or (U-Th)/He data. Given our limited success in obtaining AFT ages from Lesser Himalayan rocks, the large amount of material required for meaningful length measurements in young samples and the quality criteria associated with apatite (U-Th)/He dating, we are pessimistic about the chances of success of such an undertaking.
[48] The data do, however, constrain the geometry of the MHT and its lateral variations very well. Along-strike variations in thermochronological ages in the Himalaya are linked to along-strike variations in topography (Figures 2  and 3 ). Since the convergence velocity varies by <10% along strike and increases to the east, whereas exhumation rates decrease, these variations should be controlled by changes in kinematics associated with the geometry of the MHT. Where the MHT contains a midcrustal ramp, as in central Nepal, the flow of rocks over the ramp must be accompanied by high local relief with high exhumation and erosion rates in order to maintain steady state topography. The topographic profile will thus obtain a concave form. This is not necessary if the dip of the detachment is constant, leading to a linear to convex topographic surface and more constant exhumation rates across strike, and thus to a less pronounced trend in thermochronological ages. These alongstrike differences have previously been explained by an east-west climatic gradient [e.g., Bookhagen and Burbank, 2006; Grujic et al., 2006] . However, in an active orogen with continuous convergence like the Himalaya, the transient response time to a climate shift should be less than a few My [e.g., Whipple and Meade, 2006] after which erosion rates are mainly controlled by the orogen kinematics. Our models do not include transient topography and therefore cannot address the potential effect on AFT ages of such shifts. However, Herman et al. [2010] did run models including an evolving topography and showed that the results were only subtly different from models with steady state topography.
[49] The Annapurna and Langtang transects show similar patterns in topography (Figure 2 ) and AFT ages (Figure 3) , Figure 10 . Scatter diagrams showing results of NA inversions for the Bhutan data. The sketch explains the significance of the free parameters controlling the geometry. Best fit is for a model with a planar MHT (no crustal ramp) dipping at 5-7°.
suggesting that both regions should be characterized by similar MHT geometry and kinematics. Our numerical models confirm this but suggest that the dip of the crustal ramp is somewhat steeper in the Annapurna area than in the Langtang area. Such a lateral variation of ramp dip is compatible with the conclusions of Berger et al. [2004] , who inferred lateral variations in the geometry of the MHT in Nepal from the analysis of present-day (GPS derived) displacement rates. They propose the existence of lateral ramps to permit the transition between areas with different crustal ramp dips. In particular, they show that in westernmost Nepal, the midcrustal ramp should be much less well expressed and the shallow detachment dip more important than in central Nepal, in agreement with inferences from drainage patterns [van der Beek et al., 2002] . The topographic transition between the Lesser and High Himalaya also becomes less well expressed in western Nepal [Berger et al., 2004] . Sampling a thermochronological age transect across the Lesser and the Higher Himalaya in western Nepal could test our model, which predicts that minimum AFT ages in the MCT zone should be older than in central Nepal and the increase in ages toward the south less pronounced, if existent at all.
[50] AFT data show that exhumation rates in the MCT zone and the topographically highest part of the range are lower in Bhutan than in Nepal. This is consistent with observations of the regional geology of the Himalaya. In western and central Bhutan, the Higher Himalaya is much more widespread than in central Nepal, to the expense of the Lesser Himalaya (cf. Figure 1) . As clearly shown by the Higher Himalayan klippen in Nepal, the Higher Himalayan sequence has overthrusted the Lesser Himalaya on a nearly horizontal detachment [e.g., Schelling and Arita, 1991; Upreti and Le Fort, 1999; DeCelles et al., 2001] . We can thus interpret the regional variation in surface geology as a consequence of a variation in the depth of erosion between the central and eastern Himalaya. As GPS measurements show a somewhat higher convergence rate in the eastern Himalaya compared to the western Himalaya, the sole solution to allow coexistent higher convergence rates and lower exhumation rates is to reduce the angle of the MHT detachment.
[51] Our interpretation and numerical modeling of the lateral variations in AFT age patterns permit us to present a conceptual 3D view of the MHT below Nepal and Bhutan (Figure 11 ). The geometry of the MHT is clearly not laterally constant. In western Nepal, the southern shallow flat of the MHT is steeper than in central Nepal [Larson et al., 1999; van der Beek et al., 2002] , but the dip angle of the midcrustal MHT ramp is steeper in central Nepal than in western Nepal [Berger et al., 2004] . Within the central Nepal segment, more subtle variations appear to exist between the Annapurna and Langtang regions, as implied by our inversions, but we cannot definitely state at this stage whether these differences are real or beyond the resolution of our model. In Bhutan, the MHT appears as a continuous shallowly dipping detachment without a ramp below our model domain. If a midcrustal ramp exists below the eastern Himalaya it should be located more to the north, possibly associated with exhumation of the Kangmar dome in southern Tibet, as suggested by Hauck et al. [1998] . This interpretation implies important and fairly rapid changes of geometry between each zone (western Nepal, central Nepal and Bhutan), most easily explained by the presence of lateral crustal ramps within the underthrusting Indian crust. Hauck et al. [1998] suggest that the Yadong Cross structure in westernmost Bhutan represents one of these lateral ramps and controls the transition zone between the Bhutan and Nepal Himalaya [see also Duncan et al., 2003 ].
[52] Our analysis thus poses the question of what is the fundamental control on topography in the Himalaya and in collisional mountain belts in general. Bookhagen et al. [2005] , Bookhagen and Burbank [2006] , and Grujic et al. [2006] have argued for a strong climatic control on laterally varying topographic trends, due to the lateral variations in precipitation rates and patterns observed in the Himalaya. We show, however, that lateral variations in topography and exhumation rates should also be correlated to variations in the geometry of the MHT and associated crustal kinematics. Our study underlines the strong influence of the geometry of deep tectonic structures on the topography of mountain belts. Increasing relief will lead to enhanced erosion through the relief dependence of major erosional mechanisms [e.g., Montgomery and Brandon, 2002] . Increasing elevation also leads to higher erosion rates by orographic enhancement of precipitation rates [e.g., Roe, 2005] . Thus, our study highlights the complex couplings in the system but emphasizes the potentially important role of preexisting structure, which may have been somewhat overlooked in recent years. In this respect, our study supports the findings of Burbank et al. [2003] , who suggested that the pattern of exhumation rates across the central Nepal Himalaya is strongly controlled by the underlying crustal kinematics and only weakly influenced by present-day precipitation patterns.
Conclusions
[53] Low-temperature thermochronology data from the Lesser Himalaya in central Nepal currently lack the resolution to assess the importance of Quaternary out-ofsequence faulting at the physiographic transition. However, the geometry of the MHT required by a model in which overthrusting is concentrated on the MHT and the frontal thrust appears more consistent with available geophysical data than that for models with significant out-of-sequence thrusting. Out-of-sequence thrusting thus appears to be a secondary mechanism at best for explaining the observed pattern of thermochronological ages in comparison to the geometry of main crustal faults.
[54] The tectonic structure and geomorphology of the Himalaya clearly show that the structure of the orogen is not laterally uniform. We link along-strike variations in topography and exhumation patterns to the geometry of crustalscale faults. These faults and their associated kinematics control topography through the uplift and exhumation pathways of rocks. The presence of a midcrustal ramp in central Nepal induces the formation of a sharp topographic transition, whereas both the midcrustal ramp and the topographic transition are absent in the Bhutan Himalaya. The formation of relief strongly influences precipitation and erosion rates, and explains the gradient of denudation from west to east, underlined by variations in map view of the outcrop pattern of the Higher and Lesser Himalaya. This study therefore underlines the importance of inherited crustal-scale geometry and associated kinematics in driving topography and exhumation.
